specific structural sequences. Conclusions: Using a novel method to analyze OCT data, we showed that it may be possible to quantify differences in the extracellular compartment in eyes with retinal disease and alterations of the BRB. Based on quantitative techniques, our findings demonstrate the presence of indirect information on the BRB status within noninvasive OCT data.
Introduction
Diabetes mellitus (and diabetic retinopathy) is a multifactorial disease that has a large social and economic impact in the active working population in western countries. Age-related macular degeneration (AMD) is another highly prevalent retinal disorder that is associated with vision loss. AMD is characterized by aging changes in the photoreceptors, retinal pigment epithelium (RPE), Bruch's membrane and choroid [1] . Both diabetic retinopathy and AMD are associated with increased permeability of the blood-retinal barrier (BRB) and retinal edema.
The human BRB exists at two distinct levels. The inner BRB consists of the tight junctions of the endothelial cells of the vascular network, and the outer BRB consists of the tight junctions of the RPE. The status of the BRB function, either intact or disrupted, is traditionally assessed qualitatively by fluorescein angiography and quantitatively by vitreous fluorophotometry.
Conventional fluorescein angiography is still the technique of choice for the qualitative assessment of fluorescein leakage in the human ocular fundus, only surpassed in number by color fundus photography.
The major drawback of the available methods to evaluate BRB function is the fact that they are invasive. An exogenous dye (sodium fluorescein) is intravenously administered to patients, and minimal adverse reactions occur in 5% of the cases. Death, too, may occur in the first 24-48 h in 1 of 220,000 cases [2] . As a result, fluorescein angiograms and vitreous fluorophotometry can be performed only in the presence of a physician at sites with life support equipment.
In this way, the objective of the present study was to evaluate the feasibility of the noninvasive assessment of the BRB function status through changes in the optical properties of the retina associated with BRB disruption. Moreover, we intended to demonstrate that these changes can be quantified and identified by its location within the retina.
Materials and Methods
To demonstrate the existence of BRB function status information within optical coherence tomography (OCT) data, two imaging techniques were applied: (1) the retinal leakage analyzer (RLA), an invasive technique, uses intravenous fluorescein administration to map BRB function into intact or disrupted regions, and (2) the OCT, a noninvasive imaging modality that visualizes the retinal structure three-dimensionally by measuring refractive index changes along the light path within the human ocular fundus.
Four eyes of 4 patients (representative of well-defined clinical cases) were examined by RLA to compute maps of BRB function and by OCT to demonstrate local changes in the optical properties of the retinal tissue in relation to BRB functional status. Two patients were diagnosed with nonproliferative diabetic retinopathy [the right eye of a 75-year-old man (DR 1) and the left eye of a 53-year-old man (DR 2)], and 2 patients were diagnosed with wet AMD [the left eye of a 70-year-old woman (AMD 1) and the right eye of a 67-year-old woman (AMD 2)].
It was thought that retinal regions with disrupted BRB will result, as compared to retinal regions with intact BRB, in an increased extracellular space caused by the loss of barrier properties of either the endothelial or pigment epithelial layers, or both.
The tenets of the Declaration of Helsinki were followed, and approval from the institutional ethics and review board was obtained. Informed consent was obtained from all the patients (clinical trial identifier at http://www.clinicaltrials.gov/: NCT00797524).
Retinal Leakage Analyzer
The RLA was proposed by Lobo et al. [3] based on a modified prototype confocal scanning laser ophthalmoscope. An update to this process was proposed by the same group [4] , which now uses a commercially available instrument, the Heidelberg Retina Angiograph (HRA, Heidelberg Engineering, Heidelberg, Germany), that has been modified for this purpose.
In brief, the HRA I (classic version) allows the acquisition of 32 confocal planes along 7 mm, from the vitreous to the choroid. Each fluorescein angiogram is 225.8 m apart from the next, and each one is composed of 256 ! 256 or 512 ! 512 pixels. After correcting for saccades, it is possible to compute a fluorescence intensity profile from the vitreous to the choroid. By analyzing this profile, the amount of fluorescein present in the vitreous and the amount of fluorescein leakage from the bloodstream into the human vitreous can be determined [4] . A map can thus be built that indicates the amount of leakage and consequently the status of the BRB, either intact or disrupted, in relation to the amount of fluorescein leakage computed from a healthy reference population.
Moreover, this system (RLA) allows a fundus reference to be computed, which enables information from the BRB function to be correlated with any imaging modality for which a fundus reference image can be computed (e.g. the OCT and color fundus photography). This correlation can be achieved by coregistering both fundus images through common intrinsic fiducial markers as vessel bifurcations and/or crossovers ( fig. 1 ).
Optical Coherence Tomography
OCT, a noninvasive diagnostic imaging technology, provides cross-sectional images of the retinal tissue. Its working principle is analogous to that of ultrasonography except that OCT uses light rather than sound [5] .
The high-definition spectral domain Cirrus OCT (Carl Zeiss Meditec, Dublin, Calif., USA) was used in this work. The system has a 5-m depth resolution, a 20-m transverse resolution and a scanning speed of 27,000 A-scans per second, allowing for a volumetric ocular fundus scan of either 512 ! 128 ! 1,024 or 200 ! 200 ! 1,024 voxels from a 6,000 ! 6,000 ! 2,000 m 3 volume, the lateral, azimuthal and axial directions, respectively ( fig. 2 ). It allows user access to an unprecedented detail of the retinal structures from subjects in vivo ( fig. 3 ).
Traditionally, OCT has been used to assess structural information from the ocular fundus, allowing the identification of cyst-like structures, retinal detachments, changes in the RPE and macular holes, among other changes. Also, OCT has been used to measure retinal thickness, either total thickness from the inner limiting membrane (ILM) to the RPE, or the thickness of specific retinal layers using advanced image-processing techniques (e.g. the retinal fiber layer or the photoreceptor layer).
OCT readings result from reflections and/or light scattering due to refractive index changes along the light path and are therefore dependent on the content and structural organization of the eye. Any change in those elements will consequently result in a change in OCT readings.
Histograms
To demonstrate OCT differences between two regions within the same eye and scan, associated with changes in BRB function, we computed the statistical changes in OCT data using a wellknown technique to characterize data distributions. This technique, the histogram, is the plot of the number of times a particular value is found in a distribution. Since each OCT datum is coded in a byte, the allowed range for the data is from 0 to 255.
To capture the changes within the retina, the histograms were built from ocular fundus data in a volume delimited between the ILM and the RPE for a region within the fundus reference.
Histograms are sensitive to changes in data, as it implies a change in the shape of the histogram, and were therefore a natural choice for the current purpose.
Histogram/Probability Density Function Differences
We checked for OCT differences in the OCT findings within the same eye (with changes from the healthy reference condition based on the RLA) and scan.
The 2 eyes with diabetic retinopathy and the 2 eyes with AMD were examined through the RLA to compute maps of BRB function and OCT. Based on the coregistration of the respective fundus images (from the OCT and from the RLA) it was possible to compute OCT data histograms from regions of intact or disrupted BRB (according to the classification received from the RLA) in volumes delimited by the ILM and the RPE. Regions of the same size were chosen to include the same number of A-scans in order not to bias the results.
Histograms were thereafter normalized (divided) by the total number of OCT data readings to obtain probability density functions (PDF). PDF of two distinct areas to be compared were brought into alignment by the respective maximum value. A difference profile was then built between PDF of two distinct areas to be compared and the sum of the squared differences (SSD) was computed. Consequently, we compared PDF of OCT data from areas (a) of the same region type (intact or disrupted BRB) and (b) of different region types (intact to disrupted BRB).
Differences by Layer
Additionally, to detect if any retinal layer(s) contributed more to any differences, we split the retina into 7 equally spaced layers between the ILM and the RPE, and numbered them from top to bottom (number 1 starts at the ILM and number 7 ends at the RPE; fig. 4 ). In general, this approach placed retinal vascular network within layers 1-3. 
Data Analysis
Data analysis was performed using SPSS version 18.0 (Chicago, Ill., USA) to determine data normality (Shapiro-Wilk and Kolmogorov-Smirnov tests) and differences between groups (Kruskal-Wallis, Tukey post hoc and Mann-Whitney tests). For all tests, we considered a significance of 5%.
Results
Four pathological cases were used to demonstrate local changes in the optical properties of the retinal tissue in relation to BRB functional status. Patients were examined by RLA to compute maps of BRB function (intact vs. disrupted BRB), as shown in figure 5 , overlaid to the respective OCT fundus references.
In each eye, areas from intact BRB and areas from localized disrupted BRB were identified.
PDF Differences
Two possibilities emerged from the classification of the BRB functional status: a comparison of OCT PDF from two areas from the same region, both receiving the classification of intact or disrupted BRB, and a compari- (AMD 2; c , d ). PDF plots ( a , c ) for 4 areas, 2 from intact (black lines) and 2 from disrupted BRB regions (gray lines) (plots of similar regions overlap, hence only 2 lines are noticeable). PDF differences are shown in plots b , d , with black lines representing differences between similar BRB regions (either intact or disrupted BRB) and the gray line representing the differences between dissimilar BRB regions (intact/disrupted BRB regions).
son of OCT PDF from one area from a region of intact BRB and one area from a region of disrupted BRB. Each area was defined to include 5,000 A-scans, the number found to be enough to represent the local statistical properties of the OCT data.
In this way, OCT PDF differences and the respective SSD were computed between similar regions (diff similar ) and between distinct regions (diff distinct ). Plots in figure 6 demonstrate the differences found and these are summarized in table 1 .
Data were tested to check for the respective normality using Kolmogorov-Smirnov normality tests to find diff similar and diff distinct to be nonnormally distributed (p ! 0.001), therefore requiring the use of nonparametric tests (Kruskal-Wallis test). Considering the two difference groups, p ! 0.001 (Mann-Whitney test) was found thus rejecting the null hypothesis (showing that the distributions are the same in each group).
These findings allowed us to conclude that differences within regions receiving the same classification, either intact or disrupted BRB, differed statistically from the differences between regions receiving classifications of intact or disrupted BRB status. Thus, different optical properties of the human retina were found in relation to changes in BRB function.
The example shown in figure 7 (left eye of a 70-yearold woman with AMD) identifies two areas from the intact BRB region (I 1 and I 2 ) and two areas from the disrupted BRB region (D 1 and D 2 ). These areas are shown over the fundus reference from the OCT and the differences (SSD) found between the PDF from these areas are: .
Differences by Layer
After splitting the retina into 7 equally spaced layers between the ILM and the RPE, a similar analysis to that above was performed for each layer to identify which presented the most significant differences. Table 2 presents the SSD by layer.
Data were found to have a nonnormal distribution by the Kolmogorov-Smirnov normality test, and the Mann- Whitney test was preformed within each layer to find that the distributions differ (p ! 0.001).
To determine differences between layers, the differences between the I and the D regions (columns diff distinct ) were considered by layer. Distributions were found to be different (Kruskal-Wallis test, p ! 0.001), and the Tukey post hoc test proposed the existence of 3 subsets, i.e. 1 composed of layers 3-7 (pairwise p 1 0.226), 1 composed of layer 1 (p ! 0.001) and 1 composed of layer 2 (p ! 0.001), the differences being more significant in layer 2 than in layer 1, and than in the remaining group of layers.
Discussion and Conclusions
Our findings suggest that using this method to analyze OCT data it is possible to assess differences in the extracellular compartment in eyes with retinal disease and alterations of the BRB.
Detection of localized changes in the extracellular space offers a noninvasive method that may be used as a surrogate technique to identify breakdown of the BRB without the need of a dye.
The volume of the extracellular compartments of the neurosensory retina in the normal eye is regulated by the retinal capillary endothelial cell tight junctions and RPE cell tight junctions (i.e., the inner and outer BRB), as well as by the pumping function of both the endothelial and RPE cells [6] . This fluid can accumulate in the extracellular space of the retina where there is loss of functional integrity of the BRB. This accumulation of extracellular fluid is ubiquitous in most retinal diseases, such as diabetic retinopathy and advanced AMD, and the degree of retinal edema is used to monitor disease progression and to make clinical management decisions.
The quest for an in vivo assessment of BRB function has been a major objective of our research group and many others since the initial identification of the BRB in 1966 [3, 4, 7] . In this study, we have demonstrated the presence of indirect information on BRB status using noninvasive OCT data based on quantitative techniques. We have used the RLA to identify regions of intact and disrupted BRB and analyzed the tissue reflectance/scattering distribution between these regions to find a clear dissimilarity. These differences may offer a way to identify localized areas of retinal edema. 
